Transforming growth factor (TGF)-β is a multifunctional growth factor with potent pro-fibrotic effects. Endoglin is a TGF-β coreceptor that strongly regulates TGF-β signaling in a variety of cell types. Although aberrant regulation of TGF-β signaling is known to play a key role in fibrotic diseases such as scleroderma and impaired cartilage repair, the significance of endoglin function in regulating these processes is poorly understood. Here we examined whether endoglin haploinsufficiency regulates extracellular (ECM) protein expression and fibrotic responses during bleomycin induced skin fibrosis and surgically induced osteoarthritis, using endoglin-heterozygous (Eng+/−) mice and wild-type (Eng+/+) littermates. Skin fibrosis was induced by injecting mice intradermally with bleomycin or vehicle. Osteoarthritis was induced surgically by destabilization of medial meniscus. Dermal thickness, cartilage integrity and ECM protein expression were then determined. Eng+/− mice subjected to bleomycin challenge show a marked decrease in dermal thickness (P < 0.005) and reduced collagen content and decreased collagen I, fibronectin, alpha-smooth muscle actin levels as compared to Eng+/+ mice, both under basal and bleomycin treated conditions. Eng+/− mice undergoing surgically induced osteoarthritis show no differences in the degree of cartilage degradation, as compared to Eng+/+ mice, although chondrocytes isolated from Eng +/− display markedly enhanced collagen II levels. Our findings suggest that endoglin haploinsufficiency in mice ameliorates bleomycin-induced skin fibrosis suggesting that endoglin represents a pro-fibrotic factor in the mouse skin. However, endoglin haploinsufficiency does not protect these mice from surgically indiced cartilage degradation, demonstrating differential regulation of endoglin action during skin and cartilage repair.
Introduction
Transforming growth factor (TGF)-β is a multifunctional growth factor that is important for tissue homeostasis, by regulating cell proliferation, differentiation and wound healing. However, excessive action of TGF-β leads to impaired wound repair as it can act as a potent fibrogenic factor by inducing the synthesis of extracellular matrix (ECM) proteins such as collagens and fibronectin, by inhibiting ECM degradation by repressing metalloproteinase and by stimulating tissue inhibitor of metalloproteinase synthesis (Morikawa et al. 2016) . ECM deposition initially intensifies as a reparative response to insult or injury, but becomes pathogenic fibrosis when prolonged or excessive (Rittie 2015) . Several studies indicate that aberrant TGF-β signaling plays a key role in the pathogenesis of fibrotic diseases such as scleroderma (Lafyatis Anas Alzahrani and Yoon Chi contributed equally to this work. 2014), and in impaired cartilage repair and fibrosis associated with osteoarthritis (Blaney Davidson et al. 2007) .
TGF-β signaling is transduced by a pair of transmembrane serine/threonine kinases known as TGF-β receptor type I (TGFβRI, also known as activin receptor-like kinase-5 or ALK5) and type II (TGFβRII) receptors (Heldin and Moustakas 2016) . Activation of TGF-β receptors induces phosphorylation of intracellular Smad2 and Smad3 proteins, which then complex with Smad4 and translocate to the nucleus, where they regulate the expression of TGF-β target genes such as type I collagen and fibronectin (Morikawa et al. 2016) .
The central role of TGF-β in multiple cellular functions implicates tight regulation of its signaling. TGF-β co-receptors have been shown to be potent regulators of TGF-β receptor activity (Finnson et al. 2012) . Endoglin is a TGF-β co-receptor that strongly modulates TGF-β signaling in a variety of cell types including endothelial cells (Goumans et al. 2009 ), skin fibroblasts (Maring et al. 2012 ) and chondrocytes (Finnson et al. 2010) . Although regulation of TGF-β signaling is known to be important in skin and cartilage function, and aberrant TGF-β signaling is implicated in skin fibrosis (Maring et al. 2012 ) and impaired cartilage repair (Blaney Davidson et al. 2007; Finnson et al. 2013) , the role of endoglin in regulating TGF-β signaling and fibrotic process in these tissues is poorly understood. Furthermore, it is not known whether endoglin differentially regulates ECM synthesis in these two tissues.
Scleroderma or systemic sclerosis is a rare autoimmune disorder characterized by inflammation, vasculopathy and fibrosis of skin and internal organs (Denton 2015; Desbois and Cacoub 2016) . Endoglin levels have been reported be upregulated in scleroderma patient fibroblasts in vitro (Leask et al. 2002) , but whether endoglin regulates TGF-β signaling or ECM production in these cells was not established. In addition, it has been demonstrated that endoglin promotes TGF-β/ Smad1 signaling and fibrotic gene expression in scleroderma fibroblasts in vitro (Morris et al. 2011) . However, whether endoglin plays a pro-fibrotic role in vivo in scleroderma remains to be determined.
We have previously reported that endoglin is expressed in chondrocytes (Parker et al. 2003) and that it is upregulated in osteoarthritis (Finnson et al. 2010) . We have also shown that endoglin inhibits the canonical TGF-β/ALK5 pathway and decreases ECM synthesis in human chondrocytes in vitro (Finnson et al. 2010) . Whether endoglin regulates cartilage repair in vivo is not known.
In the current study, we examined whether endoglin haploinsufficiency regulates ECM protein expression and fibrotic responses in a mouse model of scleroderma (bleomycin-induced skin fibrosis), using heterozygote (Eng+/−) mice. We also determined whether endoglin haploinsufficiency modulates ECM synthesis and cartilage repair after surgical induction of osteoarthritis, by destabilization of the medial meniscus (DMM), in these mice.
Methods and materials
Endoglin heterozygote mice (Eng
) mice containing only one allele of endoglin were generated as previously described (Bourdeau et al. 1999 ) (obtained from Dr. Letarte from University of Toronto, Toronto, Ontario). (Endoglin knockout mice die due to cardiovascular malformation by embryonic day (E) 10.5 of gestation (Nomura-Kitabayashi et al. 2009 ) and therefore could not be used). Congenic Eng +/− and their respective littermate controls were successfully generated by backcrosses to C57BL/6 mice (Jackson Laboratory). The routine genotyping was performed to differentiate between Eng +/ − and their WT littermates. Briefly, the tail clips of each mouse were collected at the time of weaning. DNA was extracted using a HotSHOT method (hot sodium hydroxide and tris) as previously described (Truett et al. 2000) 
Bleomycin treatment
Endoglin heterozygote (Eng+/−) and wild-type (Eng+/+) littermate male mice (ages 6-8 weeks) were anesthetized with isoflurane, and their backs shaved and depilated using Nair (Church & Dwight). Mice were injected with 50 μl (5 μg) of filter-sterilized bleomycin sulfate (Sigma-Aldrich) in phosphate-buffered saline (PBS) or with PBS alone, intradermally into a single site on their shaved dorsal surface every other day for 28 days (8 groups of mice; n = 6 in each group). Mice were anesthetized with isoflurane and then sacrificed by CO 2 asphyxiation followed by cervical dislocation. The injected skin tissue was harvested, bisected, and either snapfrozen in liquid nitrogen or fixed in 10% neutral buffered formalin (Sigma-Aldrich) for histologic analysis.
Histology and immunohistochemistry of skin
Formalin-fixed skin tissue was embedded in paraffin, and 7-μm sections were stained with picrosirius red for microscopic evaluation using ImageProPlus6 Software (Media Cybernetics). Dermal thickness was determined as the distance from the basement membrane to the hypodermis in 5 different high-power fields (hpf) per section, in 2 different sections from 6 different animals per group. Immunohistochemistry to assess levels of type I collagen, fibronectin and alpha-smooth muscle actin was performed by incubation with specific antibodies or negative control IgG at 4°C overnight and incubation with a biotin-conjugated secondary antibody as previously described (Vorstenbosch et al. 2013a (Vorstenbosch et al. , 2013b .
Mouse fibroblast isolation and culture
Mouse skin dermal fibroblasts were prepared from 2 to 3 dayold neonates of Eng+/− and Eng+/+ mice. Mice were anesthetized and sacrificed by CO 2 asphixiation, and whole skin was washed in PBS, minced into small pieces and digested with collagenase solution (Sigma-Aldrich) overnight at 37°C. Dissociated cells were collected by centrifugation at 300 x g for 5 min, and suspended in Dulbecco's modified Eagle's medium (D-MEM; Life Technologies) supplemented with 10% (v/v) fetal bovine serum (FBS), 100 U/ml penicillin, and 50 μg/ml streptomycin as described previously (Finnson et al. 2006) . Cells were maintained in 25 cm 2 flasks and expanded in 75 cm 2 flasks in a humidified atmosphere containing 5% CO 2 at 37°C. Experiments were performed using fibroblasts between passage 1 and 2.
For proliferation experiments, the cells were washed twice with PBS and then incubated with 0.25% trypsin-EDTA (Life Technologies) at 37°C for 10 min. Dissociated cells were collected by centrifugation at 300 x g for 5 min and resuspended in D-MEM supplemented with FBS and antibiotics as described above. Cells were counted using a hemocytometer and seeded in triplicate in 6-well plates at a density of 3 × 10 5 cells/well. At the indicated time points, cells were detached from the plates by trypsin-ETDA treatment and counted using a hemocytometer. Cell numbers are represented as mean ± standard error of the mean (SEM).
Western blot analysis
Primary mouse Eng+/− and Eng+/+ dermal fibroblasts were left untreated or treated with TGF-β1 for 45 min. Cell lysates were prepared, separated by electrophoresis on SDSpolyacrylamide gels and transferred to nitrocellulose membranes (Fisher Scientific). The membranes were blocked with Tris-buffered saline-Tween20 (TBST) containing 5% milk for 1 h at room temperature and incubated with antiphosphoSmad2 or anti-phosphoSmad1 antibodies (Cell Signaling Technologies) at 4°C overnight. The membranes were washed 3 times for 10 min each and were incubated with horseradish peroxidase (HRP) conjugated secondary antibodies (Cell Signaling) for 1 h at room temperature. The signals on the membranes were detected using enhanced chemiluminescence (ECL) system (GE Healthcare, Canada). The membranes were stripped and then reprobed for total Smad2 (Cell Signaling Technologies) or α-tubulin (Santa Cruz, TX) as a loading control.
Destabilization of medial meniscus (DMM) surgery
Eng +/− mice and WT littermates at the age of 14-weeks were subjected to the DMM surgery to induced OA as described previously (Glasson et al. 2007 ). Briefly, after isoflurane anaesthesia, the medial meniscotibial ligament was transected, displacing medial meniscus resulting in the free movement of medial meniscus medially. A sham operation (without the transection of the medial meniscotibial ligament) was performed in the right knee joint of the control group (Zhang et al. 2015) . At 14 weeks post-surgery, the mice were sacrificed and right knee joints of each mouse were collected for histological assessment and biochemical studies.
Histology of mouse knee joint
Mouse knee joints were dissected and fixed overnight in Tissue-Fix (Chaptec, Montreal, Quebec, Canada), decalcified for 1.5-2 h with RDO Rapid Decalcifier (Apex Engineering, Plainfield, Illinois, USA). The decalcified knee joints were washed with PBS twice followed by embedding in paraffin and sectioning. For Safranin-O/Fast Green staining, the sections were stained according to the manufacturer's protocol (Sigma-Aldrich, Oakville, Ontario, Canada). Osteoarthritis Research Society International (OARSI) histological scoring was used to assess cartilage integrity of the samples (Glasson et al. 2010 ). The stained slides were evaluated blindly and independently by two individuals with expertise in evaluating slides using OARSI scoring system.
Immunohistochemistry for mouse cartilage
For mouse cartilage IHC studies, we used the Universal Dako Labelled Streptavidin-Biotin-2 System, Horseradish Peroxidase (LSAB2 System, HRP; DAKO, Burlington, ON, Canada). The samples were incubated with 3% hydrogen peroxide for 5 min at RT to block endogenous peroxide followed by blocking with bovine serum albumin (0.1%) in PBS for 1 h. Incubation with the anti-type II collagen antibody (Millipore, 1:500) was performed overnight at 4°C. Next day, biotinylated link incubation for 30 min followed by streptavidin for 1 h was performed at RT. The DAB-substrate chromogen solution was added and the slides were counterstained with hematoxylin. For negative control, the primary antibody was omitted.
Mouse primary chondrocyte cell culture
Mouse primary chondrocytes from Eng+/− and Eng+/+ mice were isolated from femur head and knee joints as previously described (Monemdjou et al. 2012) . Dissected articular cartilage was rinsed with PBS, then pronase digestion for 30 min at 37°C followed by collagenase digestion (1 mg/ml in DMEM/F12) for 2 h at 37°C. Supernatant was collected, centrifuged (4000 RPM for 5 min at RT) and the pellet was collected. The pellet was washed, re-suspended and plated into T25 flask with 10% FBS containing DMEM/F12 with antibiotics and grown at 37°C until confluence. 1-2 passaged chondrocytes were used for the experiments. Conditioned media (proteins precipitated with cold ethanol) and cell lysates were analyzed using anti-endoglin (Santa Cruz) and type II collagen (Chemicon) levels by Western blot (described above).
Membranes were stripped and reprobed with an anti-β-actin antibody (Santa Cruz Biotechnology) (loading control).
Statistical analysis
Numerical results are represented as means of n ≥ 4 independent experiments ± standard error of the mean (SEM). For statistical tests where only two data sets were being compared, a Student's t test (two-tailed) was used where P < 0.05 was deemed statistically significant.
Results
Endoglin heterozygote mice are resistant to bleomycininduced skin fibrosis In the current study, we examined the role of endoglin in skin fibrosis using Eng+/− and Eng+/+ mice subjected to bleomycin-induced skin fibrosis. Figure 1 shows the genotyping result of Eng +/− mice where the primers amplified the recombinant product (476 bp) that was inserted to disrupt exon 1 of endoglin gene. This product was not detected in WT littermate control mice, as previously reported (Bourdeau et al. 1999) . Figure 2a and b shows that Eng+/− mice treated with bleomycin display a marked decrease in dermal thickness (P < 0.005) as compared to Eng+/+ mice. Also, Eng+/− mice showed a thinner dermis under basal (PBS control injection) conditions as compared to wild-type littermates (P < 0.05). In addition, polarized light assessment of picrosirius red stained skin sections demonstrates that bleomycin-treated Eng+/− mice display reduced birefringence of polarized light suggesting decreased cross-linking (maturation) of collagen as compared to Eng+/+ mice (Fig. 2c) . These data suggest that Eng+/− mice are more resilient to bleomycin-induced skin fibrosis than Eng+/+ mice.
Endoglin heterozygote mice display diminished basal and bleomycin-induced ECM protein expression The bleomycininduced skin fibrosis mouse model is characterized by increased levels of ECM proteins (type I collagen and fibronectin) and myofibroblast differentiation (alpha smooth muscle actin expression) in the dermis (Vorstenbosch et al. 2013a ).
We therefore examined levels of these factors by IHC in skin sections from bleomycin-and PBS-injected Eng+/− and Eng+/+ mice. Figure 3 shows that Eng+/− mice treated with bleomycin show reduced levels of type I collagen, fibronectin and alpha-smooth muscle actin as compared to Eng+/+ mice. In addition, even in the absence of bleomycin challenge, Eng+/− mice showed a decrease in the ECM protein levels as compared to Eng+/+ mice. These results are consistent with the above findings that Eng+/− mice are resistant to bleomycin-induced skin fibrosis. Previous studies have shown that bleomycin-induced skin fibrosis is mediated by the stimulatory effects of TGF-β on ECM production by dermal fibroblasts (Lakos et al. 2004; Yamamoto and Nishioka 2002) . We therefore examined whether endoglin haploinsufficiency affected TGF-β signaling and ECM production in dermal fibroblasts isolated from Eng+/− and Eng+/+ mice. The results indicate that primary dermal fibroblasts from Eng+/− and Eng+/+ mice show no difference in TGF-β-induced Smad2/3 or Smad1/5 phosphorylation, although type I collagen production is increased compared to Eng+/+ fibroblasts.
Endoglin haploinsufficiency does not alter proliferation rate or Smad phosphorylation but enhances plating efficiency of primary mouse dermal fibroblasts in vitro We next examined proliferation of dermal fibroblasts isolated from Eng+/− Fig. 1 Tail clips from each mouse were collected and DNA was extracted using a HotSHOT method (hot sodium hydroxide and tris) followed by PCR reaction, as described in Methods section. PCR products were resolved by agarose gel electrophoresis and visualized by SYBR safe DNA gel stain. Genotyping confirmed the presence of recombinant product (476 bp) confirming the presence of endoglin in heterozygote mice and its absence in the wild type littermates and Eng+/+ mice. Although Eng+/− fibroblasts appeared to proliferate more quickly than Eng+/+ fibroblasts (Fig. 4a ), the proliferation rates are similar for Eng+/− and Eng+/+ fibroblasts, as evidenced by fold-increase in cell number over time, when the cell count data are replotted as Bproliferation rate^ (Fig. 4b) . We therefore reasoned that the observed differences between cell counts shown in Fig. 4a might be due to differences in plating efficiency (cell survival/apotosis or adhesion). To address this question, equivalent numbers of Eng+/− and Eng+/+ fibroblasts were seeded in 6-well plates and allowed to attach to the wells for 3 h. Cells were then Fig. 2 Endoglin heterozygote mice are resistant to bleomycininduced skin fibrosis. a Hematoxylin and Eosin (H & E) staining of skin sections from endoglin heterozygote mice and wild-type littermates injected with bleomycin or PBS for 28 days. Vertical green line indicates a representative measurement of dermal thickness which was determined as the distance from the superficial aspect of the hypodermis to the epidermal-dermal junction at the edge of the wound. Scale bar = 500 μM. b Quantitative analysis indicates that endoglin heterozygote mice display a resistance to bleomycin-induced skin fibrosis (dermal thickening) as compared to wild-type littermates. *P < 0.05; **P < 0.005. c Picrosirius red staining of skin sections from endoglin heterozygote mice and wild-type littermates injected with bleomycin or PBS for 28 days. The bleomycin-induced increase in birefringence was markedly reduced in endoglin heterozygote mice as compared to their WT littermates Fig. 3 Endoglin heterozygote mice display diminished basal and bleomycin-induced ECM protein expression. Immunohistochemistry staining of skin sections from endoglin heterozygote mice and wildtype littermates injected with bleomycin or PBS for 28 days. Immunohistochemistry was performed using anti-type I collagen a antifibronectin b and anti-alpha smooth muscle actin c antibodies detached by trypsin treatment and counted on a hemocytometer. Results shown in Fig. 4c indicate that Eng+/− fibroblasts display increased number of attached cells as compared to Eng+/+ fibroblasts. Results shown in Fig. 4d indicates that Eng+/− and Eng+/+ fibroblasts display similar levels of TGF-β-induced phosphorylation of Smad2 and Smad1.
Eng
+/− mice do not display any structural alterations in knee joints at 14 weeks after DMM surgery when compared to WT mice
Having determined the effect of endoglin haploinsufficiency on ECM synthesis and fibrotic responses during skin fibrosis, we examined whether endoglin haploinsufficiency alters ECM synthesis and cartilage repair during surgicallyinduced (by destabilization of medial meniscus) osteoarthritis. We subjected the 14-week old male Eng +/− and WT mice to DMM surgery to induce OA or were sham operated (as a control group) as described in the Experimental Design (Fig. 5a ). Histological analysis was performed at 14 weeks post-DMM surgery. Our data demonstrate that there is no difference in proteoglycan content (as indicated in the Safranin-O-staining, red color), roughness of the articular cartilage, and articular chondrocyte cellularity between the knee joints of WT and Eng +/− mice in the control (sham operated) group (Fig. 5a ). The knee joints of the WT mice from the DMM group (Fig. 5a, bottom panel) show the decreased proteoglycan content, decreased chondrocyte cellularity and increased roughness of the articular cartilage compared to the WT mice from the control group indicating that the mice subjected to the DMM surgery developed OA. The graphical representation of the evaluated sections using OARSI scoring ) littermates were seeded at 1 × 10 5 cells/well in 6-well plates. Cells were harvested 3 h later and counted using a haemocytometer. Results from three independent experiments were pooled and data are presented as mean (±SEM) in cell number. (P = 0.046). d Western blot analysis shows that Eng +/− and Eng +/+ fibroblasts display similar levels of TGF-β-induced phosphorylation of Smad2 and Smad1 (NS = not significant), while TGF-β significantly induces Smad2 and Smad1 phosphorylation (mean ± SD) in both cell types (P < 0.05) system is represented in the Fig. 5c . We also evaluated sections for synovial fibrosis and both Eng +/− and WT mice show similar levels of synovial fibrosis (Fig. 5c ).
Endoglin heterozygote (Eng +/− ) mice show the similar levels of type II collagen in knee joints as compared to their WT counterparts Although the safranin-O-staining data do not show any apparent difference between Eng +/− mice and WT mice knee joints after the DMM surgery, we examined whether levels of type II collagen is altered in Eng +/− mice. 14-weeks old male mice knee joint were dissected followed by histological staining and assessment. Our data show that there are no differences in the levels of type II collagen between Eng +/− and WT knee joints (Fig. 5b) .
Chondrocytes isolated from endoglin heterozygote (Eng +/− ) mice show decreased endoglin levels as expected while showing increased type II collagen levels
As our results showed that Eng +/− mice display similar levels of type II collagen in knee joints as compared to their WT counterparts, we examined whether isolated chondrocytes show similar results in vitro. Chondrocytes were isolated from knee joint of both Eng +/− and WT mice and cultured, as described in the Method section. At confluence, both conditioned media and cell lysates were prepared and western blot analysis was performed using anti-endoglin and anti-type II collagen antibodies. Here, we observe that endoglin levels are decreased in Eng +/− compared to WT chondrocytes, as expected (Fig. 6) . Importantly, both cell lysates and conditioned 
Discussion
Endoglin is a TGF-β co-receptor that strongly modulates TGF-β signaling in a variety of cell types (Finnson et al. 2010; Lebrin et al. 2004; Morris et al. 2011) . Whether endoglin plays a role in the fibrotic process in scleroderma or in the impaired cartilage repair in osteoarthritis has not been established. Also, it is not known whether endoglin differentially regulates ECM synthesis in the skin and cartilage. Determining this is important, as current evidence indicates that endoglin may enhance or inhibit the effects of TGF-β in a context dependent manner (Maring et al. 2012) . Because endoglin knockout mice display an embryonic lethal phenotype, endoglin heterozygote (Eng+/−) mice have been used as a model system to study the effect of endoglin loss of function in vivo. In the current study, we show that Eng+/− mice subjected to bleomycin challenge show a marked decrease in dermal thickness (P < 0.005) and reduced ECM protein production as compared to Eng+/+ mice, both under basal and bleomycin treated conditions. Eng+/− mice undergoing surgically induced osteoarthritis show no differences in the degree of cartilage degradation, as compared to Eng+/+ mice, although chondrocytes isolated from Eng +/− display markedly enhanced collagen II levels. Our findings suggest that endoglin haploinsufficiency in mice ameliorates bleomycininduced skin fibrosis suggesting that endoglin represents a pro-fibrotic factor in the mouse skin. However, endoglin haploinsufficiency does not protect these mice from cartilage degradation, demonstrating differential regulation of endoglin action during skin and cartilage repair.
That Eng+/− mice are resistant to bleomycin-induced skin fibrosis is evidenced by a decrease in dermal thickness, reduced collagen cross-linking (maturation) and lower ECM (type I collagen and fibronectin) and myofibroblast marker (alpha-smooth muscle actin) levels as compared to Eng+/+ mice subjected to bleomycin treatment. Whether the reduced collagen maturation in bleomycin treated Eng+/− mice reflects decreased activity of factors such as lysyl oxidases (LOXs), enzymes that catalyze the cross-linking of collagens and elastin remains to be determined (Trackman 2017) . Interestingly, under basal (PBS treatment) conditions, Eng+/ − mice display reduced ECM (type I collagen and fibronectin) protein levels in the dermis as compared to wild-type littermate, and appear to have a thinner dermis. Taken together, these results using the bleomycin-induced skin fibrosis model of scleroderma, suggest that endoglin acts as a pro-fibrotic factor and that decreasing its expression or function may represent a new strategy to reduce skin fibrosis in scleroderma. The marked decrease in the levels of ECM proteins observed in Eng+/− mice may represent decreased ECM protein synthesis and/or increased ECM protein degradation in the fibroblasts. Also, indirect effects of endoglin haploinsufficiency on other cell types such as endothelial cells or keratinocytes may contribute to the decreased fibrotic responses observed.
The mechanism by which endoglin decreases fibrotic responses during skin fibrosis remains to be delineated. Our in vitro studies using primary dermal fibroblasts from Eng+/ − and Eng+/+ mice failed to show any differences in TGF-β-induced Smad2 or Smad1 phosphorylation. This is consistent with a previous report showing that dermal fibroblasts from Eng+/− and Eng+/+ mice show similar levels of Smad2/3 and Smad1/5 phosphorylation (Pericacho et al. 2013 ). Thus, it is possible that the profibrotic effects of endoglin may be mediated via TGF-β-dependent non-Smad pathways or TGF-β-independent mechanism(s) in the dermal fibroblasts in mice. In addition, the possibility that the results obtained in vitro, may not reflect the in vivo situation, cannot be ruled out.
A possible explanation for our results that primary fibroblasts isolated from Eng+/− mice display a higher plating efficiency as compared to Eng+/+ mice, is that Eng+/− fibroblasts may survive better than wild-type fibroblasts during the plating process. Along these lines, one study has shown that Eng+/− fibroblasts are more resistant to apoptosis induced by a combination of extrinsic (anti-Fas antibody) and intrinsic pathway (cycloheximide) activators and have enhanced Akt activation (survival pathway) as compared to wild-type fibroblasts (Pericacho et al. 2013) . A second possibility for the increased plating efficiency of the Eng+/− fibroblasts is Primary mouse chondrocytes were isolated from articular cartilage of endoglin heterozygote and wild-type mice. Western blot analysis indicates that type II collagen protein levels are higher in cell lysate and conditioned media of chondrocytes from endoglin heterozygote mice as compared to WT littermates altered cell adhesion for which a role for endoglin in mouse fibroblasts has been well documented (Guerrero-Esteo et al. 1999) .
Several studies have implicated endoglin in the pathogenesis of fibrosis in scleroderma patients but whether endoglin plays a causative role in the disease has not been established. Endoglin was shown to be upregulated on the endothelium of lesional skin of scleroderma patients as compared to normal skin with higher expression in the diffuse scleroderma subgroup (Dharmapatni et al. 2001 ). In addition, endoglin levels have been shown to be increased in scleroderma patient fibroblasts in vitro with its expression increasing with disease progression (Leask et al. 2002) . More recently, Trojanowska et al. showed that endoglin promotes TGF-β/Smad1 signaling (a response not observed in Eng+/− mouse fibroblasts in the current study or Pericacho et al. 2013 ) and type I collagen and CCN2/CTGF expression in scleroderma patient fibroblasts revealing a pro-fibrotic role for endoglin in the human (Morris et al. 2011) . Our results showing that endoglin haploinsufficiency confers resistance to bleomycin-induced skin fibrosis in mice is consistent with a role of endoglin as a pro-fibrotic factor.
TGF-β is an important anabolic factor in cartilage homeostasis (Blaney Davidson et al. 2007 ) and deregulation of TGF-β signaling is implicated in joint tissue diseases such as OA (Blaney Davidson et al. 2007 ). To determine whether endoglin plays a role in ECM synthesis and cartilage repair in vivo, we examined type II collagen and proteoglycan content in surgically-induced (DMM surgery) osteoarthritis in Eng+/− versus Eng+/+ mice. Our in vivo data showing a similar degree of cartilage degradation in the knee joints of the Eng +/− mice and Eng +/+ mice during surgically induced osteoarthritis, indicate that endoglin haploinsufficiency does not protect from cartilage degradation in mice. In addition, the immunohistochemistry data of type II collagen in Eng +/− versus WT knee joints suggest that endoglin does not alter the levels of type II collagen in mouse cartilage. This is in contrast to the results obtained with primary chondrocytes isolated from Eng +/− and Eng +/− mice and maintained in culture, which showed markedly enhanced type II collagen production in Eng +/− chondrocytes and Smad1/5 phosphorylation. This is consistent with our results in human chondrocytes in vitro which show that endoglin strongly inhibits type II collagen production while enhancing Smad 1/5 phosphorylation (Finnson et al. 2010) . One possible explanation for the discrepancy between the effects of endoglin haploinsufficiency in vitro and in vivo, in the Eng +/− mice is that the mice may have developed compensatory mechanisms. Previous studies using other types of heterozygous mice have noted that such mice often develop compensatory mechanisms (Minamisawa et al. 1999; Wang et al. 2001 ). Development of a cartilage specific endoglin knockout mice is warranted to avoid this limitation. Previously, our group has shown that in human chondrocytes in vitro, endoglin associates with TGF-β signaling receptors and enhances TGF-β1-induced Smad1/5 phosphorylation while decreasing TGF-β1-mediated Smad2 phosphorylation and ECM protein production (Parker et al. 2003) . We have also shown that endoglin expression is linked to chondrocyte phenotype with dedifferentiated chondrocytes and osteoarthritic cartilage expressing higher levels of endoglin (Finnson et al. 2012 (Finnson et al. , 2010 . However, the mechanisms by which endoglin regulates TGF-β signaling pathway are highly cell-type specific and context dependent as evidenced by previous studies (Santibanez et al. 2007; Velasco et al. 2008 ) and thus may explain the discrepancy between the results obtained with chondrocytes in vitro and in vivo in Eng+/− mice.
In summary, we show that endoglin is a profibrotic factor during skin fibrosis in vivo in a mouse model of scleroderma where Eng+/− mice were compared to Eng+/+ mice. Our findings suggest that endoglin is a potetnenial target for anitfibrotic theray in the skin. Our results on the role of endoglin in cartilage repair using a surgical model of OA where Eng+/− versus Eng+/+ mice were compared, demonstrate that endoglin haploinsufficiency does not protect mice from osteoarthritis. Unraveling the precise molecular mechanisms governing endoglin action in the skin and cartilage and elucidation of the discrepancy between the in vitro versus in vivo results will provide insight into the cellular processes underlying aberrant repair and fibrotic disease progression in those organs.
